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Switchable Circuit Devices; and Methods of Forming Switchable Circuit 

Devices 

TECHNICAL FIELD 

[0001] The invention pertains to switchable circuit devices, and methods 

of forming switchable devices. In particular applications, the invention pertains 
to semiconductor constructions comprising switchable circuit devices. 

BACKGROUND OF THE INVENTION 

[0002] Various molecular switches have been developed within the past 
several years. The molecular switches are characterized by having two stable 
states which can be interchanged with one another. Exemplary molecular 
switches include redox-active catenanes, redox-active rotaxanes, and 
redox-active pseudorotaxanes. The molecular switches can be, for example, 
materials which can be interchanged between two stable states by oxidation and 
reduction. The oxidation and reduction of a material can be accomplished by, for 
example, altering a voltage that the material is exposed to. 
[0003] In referring to this disclosure and the claims which follow, a 

preferred exemplary switchable material is referred to as a "molecular switchable 
memory material", with the term "memory" emphasizing that the material has at 
least two stable and interchangeable states. It is possible that a memory 
material can have more than two stable states, but generally it is preferred that 
the material have only two stable states accessible in the particular environment 
that the material is utilized in. For instance, a material having multiple stable 
states accessible through redox reactions can be utilized in an environment 
wherein a voltage to the material is controlled such that only two of the stable 
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states are accessed during utilization of the material as an active molecular 
switch. 

[0004] In theory, the molecular switches can be incorporated into 

switchable circuit devices. Specifically, one of the stable states of a molecular 
switch can be referred to as a "1" digital state, and the other stable state can be 
referred to as a "0". Accordingly, a circuit device comprising a molecular switch 
material can be switchable between a first state corresponding to the "0" and a 
second state corresponding to the "1". The two states can be utilized for storing 
memory bits. Additionally, and/or alternatively, one of the stable states of a- 
switchable molecular material can be referred to as an "on state" and the other 
as an "off state," and the material can be utilized to control electrical flow within a 
circuit. Specifically, when the material is in the "on state" electrical flow can 
proceed through the circuit, and when the material is switched to the "off state", 
electrical flow can be stopped within the circuit. 

[0005] Various difficulties are encountered in attempting to incorporate 
switchable molecular materials into working circuits. Among the difficulties is 
that the switchable molecular material can be destroyed when incorporated into 
the circuit, and accordingly will no longer act as a molecular switch. For 
purposes of interpreting this disclosure and the claims that follow, an "active' 
molecular switch is defined as a molecule which retains an ability to switch from 
one stable state to another. 

[0006] It would be desirable to develop new circuit structures incorporating 

molecular switches, and to develop new methods of forming circuit structures 
comprising molecular switches. 
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SUMMARY OF THE INVENTION 

[0007] in one aspect, the invention encompasses a method of forming a 

switchable circuit device. A mass is formed over a substrate, and while the 
mass is over the substrate pores are formed within the mass to convert the mass 
to a porous matrix. An active molecular switchable memory material is provided 
within the pores of the porous matrix. An electrical connection is formed to the 
porous matrix. 

[0008] In another aspect, the invention encompasses a method wherein a 

first conductive wiring layer is formed to be supported by semiconductor 
substrate. Porous silicon is formed over the conductive wiring layer, and an 
active molecular switchable memory material is formed within pores of the 
porous silicon. A second conductive wiring layer is formed over the porous 
silicon. 

[0009] In one aspect, the invention encompasses a switchable circuit 

device comprising a porous silicon matrix and an active molecular switchable 
memory material within the porous silicon matrix. 

[0010] In one aspect, the invention encompasses a switchable circuit 

device comprising a first conductive layer and a porous silicon matrix over the 
first conductive layer. A material is dispersed within pores of the porous silicon 
matrix, and the material has two stable states. A second conductive layer is 
formed over the porous silicon matrix. A current flow between the first and 
second conductive layers is influenced by which of the stable states the material 
is in. 
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BRIEF DESCRIPTION OF THE DRAWINGS 

[0011] Preferred embodiments of the invention are described below with 

reference to the following accompanying drawings. 

[0012] Fig. 1 is a diagrammatic, cross-sectional view of a fragment of a 
construction at a preliminary processing stage of a method in accordance with 
one aspect of the present invention. 

[0013] Fig. 2 Is a view of the Fig. 1 fragment shown at a processing stage 

subsequent to that of Fig. 1 . 

[0014] Fig. 3 is a view of the Fig. 1 fragment shown at a processing stage 
subsequent to that of Fig 2. 

[0015] Fig. 4 is a view of the Fig. 1 fragment shown at a processing stage 
subsequent to that of Fig. 3. 

[0016] Fig. 5 is a view of the Fig. 1 fragment shown at a processing stage 

subsequent to that of Fig. 4. 

[0017] Fig. 6 is a view of the Fig. 1 fragment shown at a processing stage 

subsequent to that of Fig. 5. 

[0018] Fig. 7 is a top view of the construction of Fig. 6. 

[0019] Fig. 8 is a diagrammatic, cross-sectional view of a fragment of a 
construction at a preliminary processing stage of a second embodiment method 
of the present invention. 

[0020] Fig. 9 is a view of the Fig. 8 fragment shown at a processing stage 

subsequent to that of Fig. 8. 

[0021] Fig. 10 is a view of the Fig. 8 fragment shown at a processing 

stage subsequent to that of Fig 9. 
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[0022] Fig. 11 is a view of the Fig. 8 fragment shown at a processing 

stage subsequent to that of Fig. 10. 

[0023] Fig. 1 2 is a view of the Fig. 8 fragment shown at a processing 

stage subsequent to that of Fig. 1 1 . 

DETAILED DESCRIPTION OF THE PREFERRED EMBODIMENTS 
[0024] An exemplary aspect of the invention is described with reference to 
Figs. 1-7. Referring initially to Fig. 1, a construction 10 is illustrated at a 
preliminary processing stage. Construction 10 comprises a substrate 12 having 
an electrically insulative material 14 thereover. Substrate 12 can comprise, for 
example, monocrystalline silicon. To aid in interpretation of the claims that 
follow, the terms "semiconductive substrate" and "semiconductor substrate" are 
defined to mean any construction comprising semiconductive material, including, 
but not limited to. bulk semiconductive materials such as a semiconductive wafer 
(either alone or in assemblies comprising other materials thereon), and 
semiconductive material layers (either alone or in assemblies comprising other 
materials). The term "substrate" refers to any supporting structure, including, but 
not limited to, the semiconductive substrates described above. 
[0025] Various circuit components (not shown) can be associated with 
substrate 12. Such components can be, for example, formed over a 
monocrystalline silicon mass and under the insulative material 14. Accordingly, 
substrate 12 can comprise numerous materials and structures which are not 
shown in the diagram of Fig. 1 . 

[0026] Insulative material 14 can comprise, for example, 

borophosphosilicate glass. A series of trenches 16 extend into insulative 
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material 14. Trenches 16 can be formed by conventional processing, such as, 
for "example, methods utilizing photolithographic processing. Insulative material 
14 has an uppermost surface 17 extending between trenches 16. 
[0027] Referring to Fig. 2, a conductive material is formed within trenches 

16 to form wiring layers 11,13 and 15. In particular embodiments, trenches 16 
extend into and out of the page containing Fig. 2, and accordingly the wiring 
layers extend along the direction which is into and out of the page. The 
conductive material utilized in layers 11,13 and 15 can be referred to as a first 
conductive wiring layer. Wiring layers 11,13 and 15 can comprise any suitable 
conductive material, and in particular applications will comprise 
conductively-doped silicon, such as, for example, silicon which is doped to a 
concentration of at least about 1 x 10^^ atoms/cm^ with a suitable dopant 
material. It can be preferred to utilize an n-type dopant in particular aspects of 
the invention. If wiring layers 11,13 and 15 comprise conductively-doped 
silicon, the silicon can be, for example, one or both of amorphous and 
polycrystalline in physical character. 

[0028] Wiring layers 11,13 and 15 can be formed within trenches 16 by 

various processes. An exemplary process is to form a conductive material over 
upper surface 17 of insulative material 14, as well as within trenches 16; and to 
subsequently remove the material from over upper surface 17, as well as from 
within upper portions of trenches 16, with a suitable etch. Although conductive 
material of layers 11,13 and 15 is shown only partially filling trenches 16, it is to 
be understood that the invention encompasses other aspects (not shown) in 
which the conductive material completely fills trenches 16. 
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[0029] Referring to Fig. 3, a mass 20 is formed over insulative material 14 

and within trenches 16. Mass 20 can comprise, for example, silicon, and in 
particular aspects will consist essentially of silicon, or consist of silicon having 
one or more dopant materials dispersed therein. The type of silicon utilized 
within mass 20 can be, for example, either amorphous, or polycrystalline. It can 
be preferred that mass 20 comprise silicon doped with p-type material, such as, 
for example, boron. 

[0030] Referring to Fig. 4. mass 20 is removed from over uppermost 
surfaces 17 of insulative material 14, to leave portions of the mass remaining 
within trenches 16. The remaining mass has pores 21 (only some of which are 
labeled) formed therein. 

[0031] Mass 20 can be removed from over uppermost surfaces 17 of 
insulative material 14 by, for example, chemical-mechanical polishing. Such 
forms a planarized upper surface 23 which extends across uppermost remaining 
surfaces of insulative material 14 and mass 20. It is noted that pores 21 can 
extend into the planarized surface 23, and accordingly roughen portions of the 
surface extending across the remaining material 20. However, the surface 23 
can still be considered to be generally planar across uppermost expanses of 
both insulative mass 14 and remaining material 20. It is further noted that if 
material 20 is removed from over an uppermost surface of mass 14 by 
chemical-mechanical planarization, such can remove some of the uppermost 
surface of material 14. Accordingly, the uppermost surface 17 of Fig. 4 may be 
at a reduced elevational level relative to the uppermost surface 17 shown in 
Fig. 3. 
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[0032] Pores 21 can be formed by, for example, exposing a 

silicx>n-containing mass 20 to hydrochloric acid during electrochemical 
anodization, as discussed in, for example, U.S. Patent No. 6,187,604. Such 
anodization can selectively form pores within p-type doped silicon relative to 
n-type doped silicon. Accordingly, if both mass 20 and the conductive layer of 
lines 11,13 and 15 comprise conductively-doped silicon, it can be preferred that 
mass 20 comprise p-type doped silicon and the conductive lines comprise n-type 
doped silicon. Accordingly, pores 21 will be selectively formed within mass 20 
relative to the conductive lines 11,13 and 15. 

[0033] The formation of pores 21 within mass 20 converts mass 20 to a 
porous matrix, and the formation of pores 21 can occur either before or after 
removal of mass 20 from over an upper surface of insulative material 14. 
[0034] Although silicon can be used as an exemplary material 20, it is to 

be understood that material 20 can comprise other components either 
alternatively to, or in addition to, silicon. Suitable components are, for example, 
those which enable a porous matrix to be formed over the conductive material of 
wiring layers 11,13 and 15. Particularly suitable materials can be those which 
enable the porous matrix to be formed within a trench 16 to create a structure 
analogous to that shown in Fig. 4. 

[0035] Referring to Fig. 5, a molecular switchable material 30 is provided 

within pores 21 of the porous matrix 20. The molecular switchable material can 
partially fill, or entirely fill, the pores in a finished construction comprising the 
material within the pores. In a partial fill, by way of example only, the switchable 
material might only coat sidewall portions of the pores. The molecular 
switchable material is preferably an "active" molecular switchable memory 
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material as formed within the pores 30. For purposes of interpreting this 
disclosure and the claims which follow, an "active" molecular switchable memory 
material is defined as a material which is in a proper form and environment to 
switch between at least two stable states. A material may be. by way of 
example, initially deposited in an inactive form, and then converted to an active 
form by chemically modifying the material and/or by altering electrical or other 
properties of an environment around the material. Suitable molecular switchable 
memory materials include, for example, redox-active catenanes, redox-active 
rotaxanes, and redox-active pseudorotaxanes. 

[0036] The active molecular switchable memory material can be provided 
within pores 21 by the following exemplary process. Initially, a mixture is formed 
comprising active molecular switchable memory material within a liquid carrier. 
Such mixture is provided within the pores 21 of porous matrix material 20. 
Subsequently, at least some of the carrier is volatilized from the pores to leave 
the active molecular switchable memory material remaining within the pores. It 
can be preferred that all of the carrier is volatilized from within the pores. 
Volatilization of the carrier from pores 21 can be enhanced by one or more of 
reducing a pressure within the pores (for example, placing construction 10 within 
a vacuum chamber), flowing a purge gas across construction 10, or heating 
construction 10. 

[0037] The mixture of active molecular switchable material and liquid 

carrier can be initially provided within pores 21 by, for example, dipping 
construction 10 into a vat of the mixture, spraying the mixture across a surface of 
construction 10, and/or other processes whereby the mixture is applied to porous 
matrix material 20. 

9 



p0 1 .doc 



5/22/2002 7:52 AM 



• • Docket No. MI22-1.a72 

[0038] Referring to Fig. 6, a wiring layer 40 is formed over porous matrix 

material 20 and the molecular switchable material 30 within the pores of porous 
matrix 20. Wiring layer 40 can comprise any suitable electrically conductive 
material, including, for example, metals and/or conductively-doped silicon. 
[0039] Conductive wiring layer 40 is formed across planarized upper 

surface 23. Accordingly, in the shown aspect of the invention porous matrix 20 
physically contacts the wiring layers 11,13 and 15 beneath the matrix and the 
wiring layer 40 above the matrix. The wiring lines at the top and bottom of the 
porous matrix material 20 can be considered to form electrical connections .to the 
porous matrix material having the switchable memory material therein. 
[0040] Porous matrix material 20 can be considered to comprise a pair of 

opposing sides, with one of the sides being a bottom side and the other being a 
top side. Conductive lines 11,13 and 1 5 can considered to be along the bottom 
side of matrix material 20; and conductive line 40 can be considered to be along 
the top side of the matrix material. In operation, current flow between conductive 
lines on the top and bottom sides of the matrix material 20 goes through the 
switchable memory material 30. Preferably, if matrix material 20 comprises 
doped silicon, a dopant level within matrix material 20 is low enough so that the 
matrix of material 20 does not form an electrically conductive connection 
between lines on opposing sides of material 20. 

[0041] Molecular switchable material 30 will preferably have at least two 

stable states, and the current flow between lines on the top and bottom of matrix 
material 20 will preferably depend on which of the stable states that the 
switchable material is in. In particular applications, the switchable material can 
have only two stable states that are accessible under the conditions in which the 
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molecular switchable material is utilized. The states can be referred to as a "0" 
and "1" digit state. Accordingly, current flow between lines on opposing sides of 
matrix material 20 can be utilized to determine which of the two stable states the 
molecular switchable material 30 is in. Additionally, if the molecular switchable 
material 30 comprises a material in which the two stable states can be 
interchanged by oxidation and reduction of the material, it is possible that the two 
stable states can be interchanged by changing a voltage that the material is 
exposed to. Accordingly, a state within material 30 can be selected by applying 
a particular voltage to material 30, and the state can subsequently be 
determined by measuring current flow between lines on opposing sides of matrix 
material 20. 

[0042] In a particular aspect of the invention, the material 30 between 

lines 1 1 and 14 can be considered to be comprised by a first memory cell 50, the 
material 30 between line 13 and line 40 can be considered to be comprised by a 
second memory cell 52, and the material 30 between line 15 and line 40 can be 
considered to be comprised by a third memory cell 54. The construction of Fig. 
6 can thus be utilized in forming memory devices, with information being written 
to material 30 by controlling a voltage relative to individual memory devices, and 
with information being read from material 30 by ascertaining current flow 
between a conductive line (11. 13 or 15) and line 40 relative to a particular 
device. 

[0043] Fig, 7 illustrates a top view of the Fig. 6 construction. Such shows 

conductive lines 11,13 and 15 extending substantially parallel to one another, 
and along a first general direction; and further shows conductive line 40 
extending along a second direction which is substantially perpendicular to the 
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direction of lines 11,13 and 15. The second direction is referred to as being 
"substantially" perpendicular to indicate that the line is perpendicular within 
errors of fabrication and measurement. The memory cells 50, 52 and 54 
described above with reference to Fig. 6 occur at intersections of lines 11,13 
and 14. respectively, with line 40. The lines 11,13 and 15 are illustrated in 
phantom view underlying 40 to illustrate the locations of the memory cells. The 
memory cells can be considered to be part of an array. 

[0044] Methodology described herein can have numerous applications. 
Figs. 6 and 7 illustrate an exemplary application wherein the methodology is 
utilized to form memory cells. In other applications, the molecular switchable 
material 30 can be utilized in forming an on/off switch. For instance the material 
30 shown in Fig. 6 between lines 15 and 40 can comprise a material which has a 
first state that allows current flow between lines 15 and 40, and a second state 
which substantially stops current flow between lines 15 and 40. Accordingly, the 
material can be set in the first state when current flow is desired between lines 
1 5 and 40, and can then be switched to the second state to effectively turn off 
current flow between lines 15 and 40. Although the "on" and "off' states can be 
assigned digit values of 0 and 1, and accordingly the material 30 could be 
utilized in the memory device, there are numerous other applications for utilizing 
an on/off switch for which methodology of the present invention can be suitable. 
[0045] A second embodiment method of the present invention is 
described with reference to Figs. 8-12. Referring initially to Fig, 8, a fragment of 
a construction 100 is illustrated. Construction 100 includes a semiconductive 
material substrate 102 having a patterned mask 104 thereover. Substrate 102 
can comprise, for example, monocrystalline silicon. Patterned mask 104 can 
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comprise, for example, photoresist, and can be patterned utilizing 
photolithographic processing. 

[0046] A series of openings 106, 108 and 110 extend through mask 104 

and to substrate 102. 

[0047] Referring to Fig. 9. a dopant 1 12 is implanted through openings 

106, 108 and 110, and into substrate 102 to form conductively-doped regions 
114, 116 and 118. Dopant 1 12 is preferably an n-type dopant (such as, for 
example, arsenic or phosphorous), and is preferably implanted into substrate 
102 to a depth such that an upper surface of conductively-doped regions 1 14, 
116 and 1 18 is below an uppermost surface of substrate 102, as shown. 
Conductively-doped regions 114, 116 and 118 can be formed as lines extending 
into and out of the page, and accordingly can constitute wiring layers extending 
within substrate 102. In particular aspects, conductively-doped regions 114, 116 
and 118 can be considered conductive wiring layers supported by substrate 102. 
[0048] Referring to Fig. 10, masking layer 104 (Fig. 9) is replaced by a 

masking layer 120 which defines openings 122, 124 and 126 overlapping the 
previous locations of openings 106, 108 and 110. respectively (Fig. 9). Masking 
layer 120 can be formed by reducing a lateral size of previous masking layer 
104, or by entirely removing masking layer 104 and replacing it with a new 
masking layer. It is to be understood that the replacement of masking layer 104 
with masking layer 120 is a preferred aspect of the invention, and the invention 
encompasses other embodiments (not shown) where masking layer 104 is left in 
place and unaltered for the processing of Fig. 10. 

[0049] A dopant 128 is implanted into substrate 102 to form doped regions 
130, 132 and 134 over conductively-doped regions 114, 116 and 118, 
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respectively. Dopant 128 will preferably comprise a p-type dopant (such as, for 
exannple, boron), and accordingly doped regions 130, 132 and 134 will be p-type 
doped regions. 

[0050] An advantage of utilizing a mask 120 which defines larger 
openings 122, 124 and 126 than the openings 106. 108 and 110 utilized for the 
processing of Fig. 9. is that p-type doped regions 130, 132 and 134 will extend 
outwardly beyond lateral peripheries of n-type-doped conductive nodes 114, 116 
and 118. In subsequent processing described below, a conductive wiring layer 
can be formed over regions 130, 132 and 134, and connected to 
conductively-doped regions 114, 116 and 118 through regions 130, 132 and 134. 
By having lateral peripheries of regions 130, 132 and 134 extend outwardly 
beyond lateral peripheries of regions 114, 116 and 118, shorting around regions 
130, 132 and 134 can be avoided, and even eliminated. 
[0051] Referring to Fig. 11, mask 120 (Fig. 10) is removed, and p-type 

doped regions 130, 132 and 134 are converted to porous silicon. Such can be 
accomplished utilizing, for example, the processing described above with 
reference to Fig. 4. In the shown embodiment, the porous silicon physically 
contacts conductively-doped regions 114, 116 and 118, 

[0052] Referring next to Fig. 12, an active molecular switchable memory 

material 135 is formed within the pores of the porous silicon, and subsequently a 
conductive line 136 is formed over regions 130, 132 and 134. The structure of 
Fig. 12 is comparable to the structure described previously with reference to Fig. 
6. Accordingly, the structure of Fig. 12 can be considered to comprise memory 
cells. 
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[0053] In compliance with the statute, the invention has been described in 

language more or less specific as to structural and methodical features. It is to 
be understood, however, that the invention is not limited to the specific features 
shown and described, since the means herein disclosed comprise preferred 
forms of putting the invention into effect. The invention is, therefore, claimed in 
any of its forms or modifications within the proper scope of the appended claims 
appropriately interpreted in accordance with the doctrine of equivalents. 
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